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(54) Title: ALKALI RESISTANT GLASS COMPOSITIONS 



(57) Abstract: An alkali resistant glass composition having improved durability to withstand highly alkali environments at elevated 
temperatures, such as curing of cementitious products in an autoclave, is conveniently formed from economical and abundant mate- 
rials. The glass composition includes increased levels of calcium and iron, and relatively low levels of alkali metals, as compared to 
many other alkali resistant glass products, and comprises essentially of, by weight, >35% Si203, 1-25% CaO, 1-15% Fe203, 1-10% 
R20, and an amount of A1203 such that the ratio of Si203: A1203 is greater than or equal to 1. Alkali resistance can be improved by 
forming a passivity layer on the surface of glass articles by treating the articles hydrothermally in a basic environment. Optionally 
zirconia and/or titania may be added to the composition to further improve alkali resistance. 
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ALKALI RESISTANT GLASS COMPOSITIONS 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application claims the benefit of priority under 35 U.S.C. §1 19(e) of U.S. 
5 Provisional Application Number 60/656,579 filed on February 24, 2005 and entitled 
ALKALI RESISTANT GLASS COMPOSITIONS, the entirety of which is incorporated 
herein by reference. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

10 The present invention relates generally to the field of glass compositions, and more 

particularly, to alkaline resistant glass compositions suitable as fillers and modifiers. 
Description of the Related Art 

It is well known that introducing glass fibers improves the mechanical properties of 
many materials, such as cementitious products and various polymers. In particular, glass 

15 fibers improve the tensile strength of the composite cementitious or polymeric products. 
Similarly, expanded glass microparticles can be used to impart low density to cementitious 
and polymeric composites. Such microparticles may also have other beneficial effects, 
such as reducing moisture movement, thermal movement, improving thermal insulation 
value or improving workability. However, in a strong alkaline environment, silicate 

20 glasses are subject to rapid corrosive attack. This phenomenon has severely limited the use 
of glass in reinforcing concrete, which exhibits strong alkalinity during curing. For 
example, during the hydration of Portland cement, calcium hydroxide is formed as a 
reaction byproduct. In addition, alkali metal impurities are solubilized in the form of 
hydroxides. 

25 Several approaches have been used to retard alkaline attack on glass in cement 

environments. One approach is to polymer coat the glass which, while somewhat effective 
at protecting the glass from corrosive attack, results in a weak mechanical bond to the 
surrounding cement matrix. 

Another approach is to develop better alkaline resistant glass (AR glass) by altering 

30 its chemical composition. Common commercially available glass compositions that have 
been used for this purpose include E-glass which typically consists essentially of 54% Si02, 
14% Al 2 O 3 -0.3 Fe 2 03, 17.5% CaO, 4.5% MgO, 10% B 2 0 3 , and C-glass, which consists 
essentially of 65.6% SiQ 2 , 4% Al 2 0 3 Fe 2 0 3 , 14% CaO, 3% MgO, 8% Na 2 OK 2 0, 5.5% 
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B 2 0 3 and .5% K 2 0, (KMc-Othmer, Encyclopedia of Chemical Technology, 2 nd Edition, 
Volume 10, 1966.) However, these glasses are susceptive to alkaline dissolution at high 
pH levels and are therefore not suitable as additives in many cementitious compositions. 
Accordingly, their use as a material enhancing additives has been primarily limited to less 
5 aggressive polymers. 

Currently, alkali resistant glasses are made by adding refractory oxides such as 
zirconia and titania. One group of alkali resistant glasses is those containing appreciable 
amounts of zirconia (Zr0 2 ). Zirconia Alkali resistant (ZAR) glass compositions generally 
have high zirconia content, oftentimes in the range of 15-20 wt.% or more. One example 

10 of such a commercially available glass is sold under the trade name CEM-FIL® by 
Vetrotex Cem-Fil S.L. in Alcala de Henares, Spain for use as a reinforcing fiber in cement. 
However, the addition of zirconia raises the melting temperature of the glass composition, 
which greatly increases the processing cost. To counteract the negative effects of Zr02, 
alkali oxides are typically added to reduce the melting temperature to a more workable 

15 level. In many cases, more than 10 wt.% alkali oxides are added to reduce the melting 
temperature to a more workable level of the zirconia silicate system. 

The good performance of ZAR glasses in high alkaline environments is believed to 
be due to the relatively low solubility of Zr-O-Zr species. In some applications, titania may 
be added to further improve the durability of the glass. However, the addition of titania 

20 presents additional drawbacks, such as further increases in melting temperature, which 
increases the processing cost, and additionally increases the susceptibility of the glass to 
divitrification. Therefore, while the addition of titania may provide some benefits, there are 
associated costs in terms of materials and processing. 

While available ZAR glasses have been used in fiber cement products with some 

25 success, both zirconia and titania are very expensive when compared with the cost of other 
raw glass materials, and therefore, the material cost prohibits this type of glass from 
widespread use in the cement industry. Moreover, even the expensive ZAR glasses are 
subject to corrosion damage in harsh alkaline solution environments, such as hydrating 
cement. 

30 While tests have shown that ZAR glass exhibits improved corrosion resistance over 

other glass types; the corrosive effects of an alkaline solution on glass are exacerbated as 
the temperature is increased. The majority of accelerated durability tests on glass 
compositions for use in alkaline environments have been carried out at temperatures around 
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or below 100° C, e.g. 90° C in strong alkaline solutions. For example, ASTM C 1203-91 
specifies a test method for quantitative determination of alkali resistance of ceramic-glass 
enamel based on the weight loss in 10 wt.% NaOH in water. The test duration is 2 hours 
and the temperature is 95°C. The international tests ISO 695-1991 and DIN 52322 both 
5 make use of a mixture of equal volumes of 1 M NaOH and 0.5 M Na 2 C0 3 at a temperature 
of 102*5°Cfor3hours. 

However, certain cementitious products are rapidly cured at temperatures well 
beyond 1 00° C. In fact, curing temperatures of high performance fiber cement products 
can be as high as 180° C, or even higher under high temperature hydrothermal conditions. 

10 It has been noted that in strong alkaline solutions, the rate of corrosion attack commonly 
doubles for each 10° K increase in temperature. 

Harsh curing conditions are normally experienced when green cement products are 
cured in an autoclave, and cement inclusions are exposed to pH levels typically within the 
range of 12.5 to 14, and temperatures can reach as high as 180° C or higher. In such an 

15 aggressive alkali environment, the glassy materials must possess even higher chemical 
durability in order to withstand excessive dissolution in the high temperature cementitious 
matrix. Dissolution is not desirable, since it not only degrades the mechanical integrity of 
the composite where the glassy materials form the inclusions, but it may change the 
chemistry of the cementitious region in the immediate vicinity of the glassy materials. 

20 Both of these results reduce the quality of the cementitious composites. 

Further, polymeric materials are known to be reinforced with glass fiber or glass 
mesh and exposed to alkaline environments. While the polymers themselves may resist 
corrosive attack, the embedded glass materials may still be susceptible to corrosive attack. 

Accordingly, there remains a need for an improved glass which is highly resistant to 

25 the corrosive effects of basic environments, including but not limited to alkaline 
environments. Further, there is a need for an improved glass that is highly resistant to an 
alkaline environment at elevated temperatures beyond 100° C. Additionally, the amount of 
fibers typically used to reinforce cement and polymers is quite large, even reaching 20% or 
more of the total cement or polymer composite by weight. Therefore, it is particularly 

30 important that glass fibers or materials made for cementitious and polymeric applications 
are manufactured economically. 
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SUMMARY 

Embodiments described herein provide novel glass compositions that exhibit 
excellent alkali resistant properties, even at elevated temperatures. It has been found 
unexpectedly that compositions having a high concentration of alkaline earth metal oxides 
5 and iron oxide, while maintaining a low concentration of alkali metal oxides, exhibit 
exceptional alkali resistance at high pH levels, even at elevated temperatures. Moreover, 
the materials used in the composition are readily available, thus making the composition 
much more economical to manufacture than typical ZAR glasses. 

In one embodiment, an alkali resistant glass consists essentially of, by weight 
10 percent: 

Si0 2 >35% 

CaO 1-25% 

Fe 2 0 3 1-15% 

R 2 0 1-10%, and 

15 an amount of A1 2 0 3 such that Si0 2 :Al 2 0 3 > 1 ; wherein R = Na, K, and/or Li. 

The alkali resistant glass may be formed such that the combination of CaO and 
Fe 2 0 3 is greater than or equal to about 10 wt.%, more preferably greater than about 20 
wt.%, and in some embodiments, greater than about 30 wt.%.. In addition, some 
embodiments include a combination of Si0 2 and A1 2 0 3 between about 35 - 90 wt.%. 
20 Optionally, the alkali resistant glass may further include up to about 15 wt.% of Zr0 2 and 
Ti0 2 combined. Optionally, in some embodiments, CaO may be partially or completely 
replaced by MgO. Finally, in some preferred embodiments, the ratio of CaO:R 2 0 is greater 
than unity. 

The alkali resistant glass may be formed as a fiber, a hollow sphere, a solid sphere, 
25 or other shape and aggregates thereof. The alkali resistant glass may also be foamed. The 
alkali resistant glass may also be combined with other polymer, ceramic or mineral 
materials to make a composite particle or fiber. In one preferred embodiment, a passivity 
layer is formed over the surface of the glass. The passivity layer may be formed by 
hydrothermal treatment in a basic environment. In some embodiments, the basic 
30 environment may be a high pH environment where the pH may be greater than 8, 9, 10, 1 1, 
12, 12.5 or 13. In other embodiments the basic environment may comprise a solution of 
calcium hydroxide, a cement paste or slurry, the pore water found in hydrating cement, an 
aqueous cementitious matrix, or contain an alkaline metal hydroxide. In one embodiment, 
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high temperature hydrothermal treatment is performed at temperatures between about 100 
°C and 250° C. 

In some preferred embodiments, the passivity layer is enriched in iron and calcium 
oxides, or alternatively enriched in magnesium oxide, or a combination thereof. The 
5 passivity layer may be either a continuous or a discontinuous layer formed upon or near the 
surface of the glass. In other embodiments, the passivity layer is a surface layer, and is 
substantially solid. 

According to other embodiments, a cementitious composite article modified cement 
building sheet has a glass additive material, the glass comprising, by weight percent: 



10 Si0 2 >35% 

CaO 1-25% 

Fe 2 0 3 1-15% 

R 2 0 1-10%, wherein R is selected from the group consisting of Na, K, 
and Li; and 



15 an amount of A1 2 0 3 such that Si0 2 : AI2O3 > 1 . 

In some preferred embodiments, the A1 2 0 3 content is greater than 1%, more 
preferably greater than 4%, and in some embodiments, greater than 7%. In some preferred 
embodiments, the total iron oxide content expressed in term of Fe 2 0 3 is greater than 1%, 
more preferably greater than 3%, more preferably greater than 6%, and most preferably 

20 greater than 10%. Unlike traditional beliefs, the current inventors have found that the 
alkaline metal oxide, R 2 0, content in the composition does not have to be very low for the 
glass to be durable and alkaline resistant. In some embodiment, the alkaline metal oxide 
content is greater than 1%, more preferably greater than 2%, most preferably greater than 
4%. According to certain preferred embodiments of modified cement building sheets, the 

25 glass modifying material is a fiber or a microsphere. 

According to yet another embodiment, a method of reinforcing cement includes the 
steps of providing a mixture comprising Portland cement and water; adding alkali resistant 
glass particles to the slurry wherein the glass particles consist essentially of, by weight 



percent: 

30 SiQ 2 >35% 

CaO 1-25% 

Fe 2 0 3 1-15% 
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R 2 0 1-10%, wherein R is selected from the group consisting of Na, K, 

and Li; 

an amount of A1 2 0 3 such that Si0 2 :Al 2 0 3 > 1 ; and mixing the slurry to distribute the 
glass particles throughout the slurry, wherein the glass particles provide reinforcement to 
5 the cement once cured. 

Another embodiment discloses a method of increasing the alkali resistance 
properties of glass, the method comprising providing a glass article consisting essentially 
of, by weight percent, 



Si0 2 >35%, 

10 CaO 1-25%, 

Fe 2 0 3 1-15%, 

R 2 0 1-10%; wherein R is selected from the group consisting of 



Na, K, and Li; and 

treating the glass articles by exposing the glass articles to a basic environment to 

15 form a passivity layer over the surface of the glass articles thereby improving the alkali 
resistance of the glass articles. In one embodiment, the treating the glass step is carried out 
under high temperature hydrothermal conditions, such as in an aqueous environment at a 
temperature above 100° C. In another embodiment, the treating the glass step is carried out 
under low temperature hydrothermal conditions, such as at a temperature below about 100° 

20 C. The glass articles may be spheres, fibers, or other desired geometries. 

A further embodiment includes a synthetic, substantially spherical wall, the wall 
having an inner surface and an outer surface and a thickness therebetween; at least one void 
within the spherical wall; and a passivity layer on the outside of the spherical wall. The 
passivity layer may substantially cover the outer surface of the spherical wall, and in some 

25 embodiments has a thickness less than the thickness of the spherical wall. However, in 
many preferred embodiments, the passivity layer thickness is less than about 10%, or 5%, 
or 2% of the spherical wall thickness. The passivity layer is preferably substantially 
chemically inert in a basic environment having a pH of about 12-14, thus increasing the 
spherical wall's durability in a high pH environment. 

30 In yet another embodiment, an alkali resistant glass is provided wherein the glass 

comprises a silicate based glass. The alkali resistant glass further comprises a passivity 
layer formed on an exterior surface of the silicate based glass body, wherein the passivity 
layer has a composition that is different than the composition of the glass body. The 

6 
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passivity layer preferably comprises a substance, wherein the substance is native to the 
glass body. The substance in combination with other substances results in the passivity 
layer being substantially chemically inert in an alkaline environment. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 A is a ternary diagram for an alkali resistant glass formulation having 0% 

Zr0 2 + Ti0 2 ; 

FIGURE IB is a ternary diagram for an alkali resistant glass formulation having up 
to 15%Zr0 2 + Ti0 2 ; 

10 FIGURE 2 A is a scanning electron micrograph of a cenosphere showing its outer 

surface; and 

FIGURES 2B and 2C are scanning electron micrographs of glass articles made 
according to embodiments of the present invention showing the glass articles having a 
passivity layer. 

15 Detailed Description of Preferred Embodiments 

The following description reveals improved glass compositions and products having 
excellent alkali resistance properties, even at elevated temperatures that are formed from 
abundant and low cost materials. Glass articles having the characteristics described herein 
may be incorporated into composite materials comprising either organic polymer matrices 

20 or inorganic binder matrices or into other media where the described benefits are desirable. 
The disclosed glass articles may be formed as fibers, particles, composite aggregates, solid 
or hollow spheres, micro balloons or any other configuration deemed desirable for the 
particular application. The compositions disclosed herein may also be used as a filler 
material to improve the alkali resistance of ceramic matrix composites, metal matrix 

25 composites, polymer composites, cementitious composites, or clay-based composites. 
Accordingly, the use of specific glass articles, such as fibers or spheres, or as a component 
in a glass-based composite or glass alloy in the following discussion is exemplary only, and 
should not be construed as limiting. In addition, inorganic based matrix examples in the 
following specification include other matrix materials such as cementitious binders, 

30 geopolymers, metals, and clay products. The cementitious term applies to all types of 
cements including, but not limited to, Portland cement, lime cement, aluminous cement, 
sorel cement, pozzolanic cement, geopolymeric cement, gypsum, cement pastes, dry 
cement mixes, and other hydraulically settable binders. 

7 
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According to embodiments disclosed herein, a glass composition may be formed 
having a high concentration of alkaline earth metal oxides and iron oxide, while 
maintaining a low concentration of alkali metal oxides. These types of compositions have 
been found to perform exceptionally well at high pH levels and under hydrothermal 
5 conditions. 

It has been recognized that the chemical durability of silicate glasses in an aqueous 
environment strongly depends on their composition. Of particular interest are the roles of 
certain oxides, such as A1 2 0 3? forming negatively charged tetrahedral [A104]~ groups with 
the negative charge balanced by the positive charge on an alkali metal ion. Thus, in the 

10 presence of such oxides, alkali ions can be incorporated into the glass without reducing its 
durability. This accounts for the role of B 2 0 3 and A1 2 0 3 in the production of durable 
glasses. Other oxides, such as Zr0 2 and Ti0 2 can replace Si0 2 on a one to one basis in the 
glass network. However, this mechanism indicates that the effect of a glass component on 
overall corrosion resistance depends on the content of other components. For instance, in 

15 the absence of an excess of alkali oxides over B 2 0 3 and A1 2 0 3 , the two latter oxides assume 
a triangular or octahedral, rather than tetrahedral coordination, and they no longer 
contribute to improved durability. 

The change balance of an alkali metal ion with an alumino-silicate network can be 
understood by consideration of crystalline albite (NaAlSi 3 08). Albite is an open 

20 aluminosilicate network in which both Si and Al are four fold coordinated by oxygen to 
form tetrahedra arranged as three-dimensionally interconnected cages. All oxygen atoms in 
this crystalline structure "bridge" between either Si or Al cations through covalent bonds. 
The negative [AIO4]" groups are charge compensated by Na+ ions which occupy the 
oxygen-rich sites. Similar features can be expected in aluminosilicate glasses. 

25 In glasses with equal parts A1 2 0 3 and Na 2 0, the Na + cations can be described as 

filling the oxygen rich cavities of the fully-polymerized former network, thereby tying up 
negatively charged [AIO4]' groups. In this case, ionic bonds form between sodium ions and 
oxygen thus reducing the degree of openness of the glass network, thus maintaining the 
alumina in the glass network. 

30 On the other extreme, in binary glasses, the Na + cations are tethered to the silicate 

network through non-bridging oxygens (NBO's), thus opening up the glass network, which 
is not particularly desirable for chemical durability. 
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In the pH range of about 12.5-14, which is the expected pH range found in aqueous 
media within the bulk of hydrating cement, the major components of many glasses are not 
durable and will become solubilized. More specifically, at high pH levels, silica is 
converted to silicic acid and alumina reacts to form aluminum hydroxide. Thus, alumina 
5 will not have the same beneficial effect on glass durability as it would have had at neutral 
or weakly basic environments. 

A similar behavior is expected with many other common glass components, such as 
ZnO, Sn0 2 , PbO, P2O5, Ge0 2 , and other well-known glass components. Thus, glass 
manufacturers have historically believed that glassy materials within cementitious 

10 composites require relatively high concentrations of typical refractory oxides such as silica, 
zirconia, titania, and alumina, and a low concentration of alkali oxides to improve their 
durability. The increased refractory oxides provide the alkali resistance not inherent in 
many common glass components, but as a result of the high concentration of refractory 
oxides, most alkali resistant glasses of this type are relatively costly, and their use has been 

15 limited to only special applications when cost becomes less important than high tensile 
strength achieved by fiber reinforcement. 

It has been found that while many oxides become more soluble due to anionic 
dissociation at high pH levels, the alkaline earths, and the lanthanides become less soluble 
at increasingly high pH. hi fact, testing has shown that the maximum solubility of calcium 

20 reaches values of 1, 10" 2 , 10" 4 , and 10" 6 M at pH values of approximately 11.5, 12.5, 13.5 
and 14.5, respectively. 

Thus, preferred embodiments of the present invention include levels of calcium not 
typically seen in traditional glass making, and in some embodiments, calcium levels are 
about 1-25 wt.%, more preferably, 5-20 wt.%, and even more preferably 10-15 wt.%. 

25 Interestingly, leach testing in an alkaline environment indicates that other materials 

added to the composition can offset the benefits of high calcium. For example, tests have 
shown that high levels of alkali metals, such as greater than about 10 wt.% of either Na 2 0 
or K 2 0 or a combination of both, have deleterious effects on the durability of the glass 
composition, even in the presence of relatively high levels of calcium. Therefore, the 

30 inventors believe that high concentrations of calcium alone will not provide the desired 
durable glass, but that there are other elements that interact with the increased levels of 
calcium to provide the desired alkali resistant glass properties, and in some preferred 
embodiments, the CaO/Na 2 0 molar ratio is believed to be important in alkali resistance. In 
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some preferred embodiments, the CaO/NaaO molar ratio is typically greater than 1, and in 
some embodiments, is 2, 3, 4, 5, 10, 15, 20, 25, 30, or more. 

While calcium is used herein as exemplary, the inventors believe, without wishing 
to be bound by theory, that other materials may be used in place of calcium to produce the 
5 desired alkali resistant properties. Some of these other materials include, without 
limitation, MgO and ZnO. 

In addition, it has been found unexpectedly that leach testing indicates that in 
addition to the presence of Si and Al, another factor of importance in stabilizing the leach 
rate appears to be iron oxide. Statistical analyses indicate that leach rates drop with 

10 increasing Fe20 3 , up to about 15 wt.%. Plotting of statistical data shows that the leaching 
curve drops sharply between about 0 wt.% and 1 wt.% Fe and gradually flattens out toward 
about 15 wt.%o Fe. Thus, without wishing to be bound by this theory, it is believed that an 
amount of iron oxide, typically in the form of Fe 2 03, up to about 15 wt.% provides 
improved alkali resistance in combination with the described levels of calcium and the 

15 CaO/Na 2 0 molar ratio. Preferred embodiments include about 1-15 wt.% Fe 2 03, and more 
preferably between about 5-12 wt.%, and more preferably, between about 7-10 wt.%. 

Figure la depicts an illustrative ternary phase diagram of the preferred 
compositional range according to several preferred embodiments of the present invention, 
but should in no way be construed as limiting the scope of the invention. Figure la 

20 specifically illustrates a ternary phase diagram of glass within a compositional range having 
no zirconia or titania, according to preferred embodiments of the invention.. 

Figure lb depicts another illustrative ternary phase diagram of another preferred 
compositional range including zirconia and titania up to a combined 15 wt.%. hi this case 
85 parts of the material highlighted in Figure lb would be combined with 15 parts zirconia 

25 or titania to yield a glass formulation consistent with the preferred embodiments of the 
invention. 

As is shown in the following tables containing test data, it has been found 
unexpectedly that the higher combined concentrations of iron and calcium oxides is more 
effective than the refractory oxides alone against corrosion in severe aqueous alkaline 
30 environments. These findings are more specific to alkali reaction during high temperature 
hydrothermal curing of cementitious composites in which the curing temperature is 
typically around 180° C for a period of about 5-10 hours. 



10 
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Many of the embodiments disclosed herein, whether in the form of fibers, spheres, 
or other inclusions, have compositions relatively low in alkali metal oxides, below about 
10%, and rich in iron and calcium oxides, with Fe 2 03 + CaO within the range of about 2- 
40 wt.%. Optionally, Zr0 2 and Ti0 2 can be added to the glass composition to further 
5 improve the alkali durability in high alkali environments. Moreover, other oxides such as 
P 2 0 5 and ZnO may also be beneficial in further improving the alkali resistance of glass 
articles in high pH environments. 

It has been unexpectedly found that a crystalline layer over the exposed glass 
("passivity layer") can be formed on certain glass compositions within the compositional 
10 envelope of the present invention by subjecting the glass to hydrothennal conditions in a 
strong alkaline solution. Hydrothermally treating the glass article at a temperature of about 

r, : 

180° C in an alkaline solution saturated with calcium hydroxide at a pH level of about 12- 
14 results in the formation of a passivity layer on the outside surface of the glass article. 
The passivity layer is shown in Figure 2b. In several preferred embodiments in which the 
15 glass article is a hollow sphere, the passivity layer has a thickness that is preferably less 
than the sphere wall thickness. In some embodiments, the passivity layer thickness is less 
than about 10% of the sphere wall thickness, and even more preferably, the passivity layer 
thickness is less than about 5%, and in some embodiments is less than about 2% of the 

hollow sphere wall thickness. 

20 The creation of a passivity layer is extremely important because it indicates that the 

preferred alkali resistant glass formulations disclosed herein are particularly advantageous 
for cementitious or inorganic polymeric composites. Since cementitious or inorganic 
polymeric composites generally require curing, hydrating or autoclaving as a step of their 
manufacturing processes, a passivity layer would simultaneously and integrally be formed 

25 on the surface of the glass component within the composite. The glass component, such as, 
for example reinforcing fibers or microspheres, having a passivity layer would result in a 
more durable composite than would be possible with other conventional alkali resistant 
formulations. Hence, one especially preferred embodiment of the present invention is a 
cementitious, ceramic or inorganic polymeric composite material with inclusions formed 

30 from an alkali resistant glass formulation as disclosed herein, wherein the inclusions have a 
passivity layer that is formed in-situ during manufacturing process of the composite 
material. 
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It has been found that incorporating relatively high concentrations of iron and 
calcium oxides results in the passivity layer formation during hydrothermal treatment. 
Addition of small percentages of zirconium oxide to the glass compositions rich in iron and 
calcium oxide further improved the formation and tightness of the passivity layer. 
Subsequent examination of the passivity layer by energy dispersive x-ray (EDX) analysis 
revealed the enrichment of iron and calcium oxides and depletion of alkali oxides. 

Through experimentation and testing, the inventors have learned that exposure of 
commercial ZAR glasses to cementitious environments results in an increase in calcium 
and zirconium content and decrease in silica and alkali content, but does not result in the 
formation of a passivity layer similar to the present inventive compositions. 

EDX examination of the passivity layer fonnation on spherical glass beads of the 
inventive glass compositions revealed that the passivity layer formation on glass articles 
without added zirconia is rich in iron and calcium oxides and low in alkali oxides. The 
passivity layer fonnation with the addition- of 1-6 wt.% zirconia to the parent glass is 
enriched in iron and calcium oxides, but not with zirconia. The passivity layer soaks 
calcium from the surrounding cementitious solution which is saturated with calcium 
hydroxide. The zirconia does not play a major role in the formation of the passivity layer 
and it only decreases the intrinsic solubility of silica. 

Based upon extensive corrosion testing, the inventors found that glasses made 
according to embodiments of the present invention have as good, and sometimes better, 
corrosion resistance as the best commercial glasses that have very high zirconia content, 
even having as much as 15 wt.% zirconia and more. Electron microscopy of commercial 
zirconia glasses showed no passivity layer formation similar to the inventive glasses when 
subjected to the same hydrothermal conditions. 

The produced passivity layer provides protection against alkali corrosion during the 
service life of the cementitious products. This finding was confirmed by first subjecting 
two glasses with varying amounts of iron and calcium oxides to identical hydrothermal 
treatment to form the passivity layer. Two samples, Glass A and Glass B were compared 
for alkali resistance. Glass A was made according to the composition of the present 
invention and Glass B was a coal ash derived ceno sphere which is frequently used as 
durable glass in cementitious systems. Glass A had twice the iron oxide content and nine 
times more calcium oxide than Glass B. However, Glass B had almost 1.5 times more 
alumina than Glass A. 
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The glass samples were hydrothermally treated and then subjected to a standard 
accelerated correction test at 90° C in five molar sodium hydroxide solution. While ASTM 
C 1203-91 test standards use 10% sodium hydroxide solution in water to measure alkali 
resistance, due to the high durability of glasses tested, a stronger alkaline solution was 
5 chosen for conducting accelerated tests. A 20% sodium hydroxide solution (5 molar) was 
chosen for the accelerated corrosion tests. 

After an 8 hour test, the mass loss due to corrosion was almost twice as much for 
commercially available Glass B. After one week of testing under the same conditions, the 
mass loss of Glass B was almost three times that of Glass A. These findings indicate that 
10 the passivity layer formation due to the dual presence of iron and calcium oxides 
outperforms high alumina cenosphere glass compositions. 

Figures 2a and 2b are scanning electron micrographs (SEM micrographs) of a 
cenosphere and a glass article embodiment according to the present invention after both 
being subjected to hydrothermal conditions. As can be seen, the glass article of Figures 2b 
15 and 2c, produced in accordance with the present invention, show a passivity layer 
formation. It is believed that the formation of the passivity layer greatly improves the 
native glasses ability to withstand corrosive attack in high alkali environment. 

Subsequent testing and SEM and EDS analysis have shown that commercially 
available cenospheres and other alkali resistant glasses do not form this type of passivity 
20 layer when subjected to similar conditions. Without wishing to be bound by theory, the 
inventors believe that the passivity layer is formed as material leaches from the glass 
formulation and is then redeposited onto the surface. This is supported by leaching tests in 
which leaching of Si0 2 and A1 2 0 3 sharply decreases with time, suggesting that these levels 
actually redeposit onto the surface of the article, as shown in the following Table 1 

25 



Table 1. Wt% Leached from inventive glass composition at different time points. 



Wt% Leached 


Element as Oxide 


lhr Treatment 


5hrs Treatment 


19hrs Treatment 


Si0 2 


0.24 


7.8 


3.3 


A1 2 0 3 


0.05 


7.6 


2.5 


Na 2 0 


0.49 


27.6 


58.1 


Total 


0.21 


6.36 


5.06 



As shown in Table 1 above, while leaching of Na 2 0 increases from 5hrs to 19hrs, 
leaching of Si0 2 and A1 2 0 3 sharply decreases indicating that these two elements redeposit 
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on the surface of the glass article. Accordingly, as expected, the passivity layer has a 
chemical formulation that is rich in Si and AL Additionally, the passivity layer further 
includes Mg, Fe and Ca 5 as confirmed by EDS analysis. Interestingly, when utilizing the 
glass compositions described herein, it appears that the addition of zirconia does not 
5 substantially influence the formation of the passivity layer, but rather improves the texture 
and uniformity of the passivity layer. 

Accelerated corrosion testing in 20 wt% hydroxide at 95° C confirmed that spheres 
made from the glass formulations provided herein and incorporating the passivity layer, 
proves much stronger alkali resistant characteristics, as shown in the following examples. 

10 Additional testing was performed to measure the alkali resistance of glass articles 

made from glass compositions described herein along with several commercial alkali 
resistant glasses. The total fraction of glass dissolved was assessed in a synthetic solution 
saturated with calcium hydroxide and pH adjusted with lithium hydroxide at 180° C in a 
pressurized vessel. This environment is similar to the aqueous environment found in a 

15 hydrating cementitious mixture in an autoclave. However, lithium hydroxide was used 
instead of sodium or potassium hydroxides which are normally present in ordinary cement 
in order to minimize the background concentrations measured by inductively coupled 
plasma spectroscopy (ICP). With this substitution, sodium and potassium concentrations 
were measured accurately in the resulting leach solutions. 

20 

Test Data 

Examples A and B illustrate the leaching rates of microparticles produced according 
to methods described herein in comparison with a commercial grade cenosphere product, 
and several commercially available microspheres. 

25 

EXAMPLE A 

An aqueous alkaline solution as was prepared with 2.343 g/L of LiOH, and 0.080 
g/L of Ca (OH) 2 at a pH of about 13.0. The test materials included a commercially 
available coal ash cenosphere (produced at 4 Comers power plant, and sold by Phoenix 
30 Cement), commercial soda lime microspheres (sold under trade name of SISCOR by 
Spherical Industrial Solutions, Toronto-Canada), and synthetically produced spherical 
microparticles according to one embodiment of the present invention, identified as sample 
X. The alkaline solution was heated to 1 80° C and the test materials were left to soak for 5 
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hours. The solid charge was 0.25 g in 15 ml of solution for all the three materials. The 
leach tests were performed at 180° C after a duration of 5 hours. Table 2 summarizes the 
major oxide constituents of the three test specimens. 



Table 2 





.riioemx Cement 
cenospnere 




X 






/i.Z 


4/. 9 


ai 2 o 3 


25.8 


3.9 


20.6 


CaO 


0 Q 






K2O 


1.6 


0.7 


1.2 


Fe 2 0 3 


4.1 


0.3 


7.7 


Ti0 2 


0.5 


0.1 


1.2 


MgO 


1.3 


1.9 


3.3 


Na 2 0 


1.1 


12.1 


5 


BET surface area 
m2/g 


1.1 


1.3 


1.0 



From Table 2 (above), the specific surface area of all the three samples are 
relatively close. Sample X is one preferred embodiment of the present invention. As can 
be seen, the compositions are different, with sample X having the highest calcium and iron 
oxide content. Sample X additionally has a much lower silica content than the other 
samples. While sample X has higher alkali content than the cenospheres sample, it is much 
lower than the SISCOR sample. 

Table 3 (below), illustrates the percentage leached with respect to the major oxides 
as determined by ICP and the normalized leach rate with respect to time and exposed 
surface area. 
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Table 3 



jr erceniage leacnea 
vv u /o 


.rnoemx cemem 


Q TO POT? 


TV 




IJ.O 


7 


7 0 




1 7 


o.u 


u. o 




1 R A 






Fe 2 0 3 


0.1 


1.0 


0.05 




0 A 




0 ? 


MgO 


0.03 


.01 


0.02 


Na 2 0 


54.7 


59.5 


51.6 


Total percentage 
leached wt% 


11.4 


29.8 


8.1 



From Table 3 above, it is clear that sample X exhibited the least amount of leaching 
followed by cenospheres and then SISCOR. The leach rate is directly associated with the 
5 composition's alkali resistant properties. As a result of the low leaching, particles made 
according to the composition of sample X should provide better resistance to the caustic 
environment found in hydrating cement than either of the other two commercially available 
alkali resistant glasses. 
EXAMPLE B 

10 In the following example, additional commercial products were tested, including 

3M-S32: SCOTCHLITE®, manufactured by 3M Corp., of Minnesota; PORAVER®, 
manufactured by Spherical Industrial Solution of Toronto, Canada; SPHERIGLASS®, 
made by PQ Corp, USA; and SIL-CELL®, made by Silbrico Corp., USA. Table 4 lists the 
major oxides contained in the Example B products. 
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Table 4 



MATERIALS 




3M-S32 


PORAVER 


SPHERIGLASS 


SIL-CELL 


Si0 2 


78.6 


73.1 


74.9 


81.1 


A1203 


0.5 


3.7 


0.7 


11.0 


CaO 


13.1 


9.4 


9.4 


0.6 


K2O 


0.1 


0.8 


0.1 


5.2 


Fe 2 0 3 


0.1 


0.4 


0.6 


1.6 


Ti0 2 


0.0 


0.1 


0.1 


0.1 


MgO 


0.2 


2.1 


4 


0.1 


Na 2 0 


7.3 


14.8 


14.5 


2.9 



The leach data for 5h leach at conditions described previously of the samples listed 
in Table 4 are presented in the following Table 5: 

5 Table 5 



MATERIALS 


Percent of oxides 
leached out wt.% 


3M-S32 


PORAVER 


SPHERIGLASS 


SIL-CELL 


SiO z 


27.2 


36.3 


20.5 


27.7 


A1 2 0 3 


4.7 


2.3 


13.1 


1.1 


CaO 


4.8 


0.9 


0.0 


10.9 


K 2 0 


100 


60.2 


100 


12.1 


Fe 2 03 


5.9 


0.6 


0.3 


0.8 


Ti0 2 


7.7 


2.0 


2.4 


2.6 


MgO 


2.2 


0.1 


0.02 


2.8 


Na 2 0 


51.9 


73.6 


42.4 


50.4 


Total Percentage 
leached at 5h 


25.9 


38.1 


21.8 


25.4 


Total percentage leached from sample X: 8.1 



From Table 5 above, it can be seen that materials with high silica alone (SIL- 
CELL), and high silica and calcium oxide (3M-S32) are highly affected by an aqueous 
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alkaline environment as experienced within hydrating cement in an autoclave, thus further 
supporting the conclusion that CaO alone is unable to provide acceptable alkali resistance. 
Likewise, both PORAVER and SPHERIGL AS S , even though they exhibit modest amounts 
of CaO, are highly susceptible to corrosion in the aqueous alkaline environment at elevated 
5 temperatures, again reinforcing the inventor's beliefs that other elements are needed to 
cooperate with CaO in order to provide the desired alkali resistance. 

EXAMPLE C 

Example C testing was carried out to quantify the effects of adding small amounts 
10 of zirconia to embodiments of the present invention to determine the improved alkali 
resistance. In the following examples, samples 1A, IB, 1C, and ID were prepared 
according to embodiments of the present invention. These samples of alkali resistant glass 
were made from formulations consisting of fly ash, sodium hydroxide, zirconium silicate 
and sugar. The samples were prepared by mixing the ingredients according to the 
15 formulations as shown in Table 6. 



Table 6. Formulations for the samples 





Fly ash (g) 


NaOH (flakes) (g) 


Sugar (g) 


Zirconium silicate (g) 


Water (g) 


1A 


92 


5 


3 


0 


25 


IB 


90.5 


5 


3 


1.5 


28 


1C 


89 


5 


3 


3 


28 


ID 


86 


5 


3 


6 


27 



Sample 2A is a sample of commercially available alkali resistant glass having a 
nominal 0% zirconium oxide content. Sample 2B is a sample of commercially available 
20 alkali resistant glass having a nominal 15% zirconium oxide content. Sample 2C is a 
sample of commercially available alkali resistant glass having a nominal 16% zirconium 
oxide content. Sample 2D is a sample of commercially available alkali resistant glass 
having a nominal 17% zirconium oxide content. The compositions are presented in table 6 
below. 

25 The samples 1A, IB, 1C and ID were each blended into homogeneous slurry, 

poured into a flat dish and allowed to solidify at room temperature for approximately 5 
minutes. The resulting product was further dried at about 50 degrees Celsius for about 20 
hours, after which it was ground and sieved to obtain powders within a size range of 106 to 
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180 jum. In the next step, the powders were fed into a vertical heated tube furnace at 
approximately 1200-1400°C at a feed rate of 0.14 g/min. The resulting particles were 
collected on a funnel shaped collecting device covered with a fine mesh screen positioned 
at the bottom portion of the furnace. A mild suction was applied to the end of funnel to aid 
in collecting the particles. The products were each inspected for shape and form using 
microscopic examination to ensure complete melting, before being assessed for alkali 
resistance by exposure to Modified Lawrence Solution at 180° C, at a pressure of 135psi 
for 5 hours. 

The composition and leaching data of each of the samples is shown in Table 7 

below. 



Table 7 



Materials composition by wt% 




Embodiments of the present invention 


Commercially available alkali 
resistant glasses 


Sample 


1A 


IB 


1C 


ID 


2A 


2B 


2C 


2D 


Si0 2 


50.7 


50.6 


48.5 


47.1 


41.3 


52.9 


54.8 


59.2 


A1 2 0 3 


19.8 


19.3 


20.1 


19.4 


3.3 


0.7 


0.9 


0.3 


Fe 2 0 3 


7.5 


7.5 


7.2 


7.7 


0.1 


0.3 


0.2 


0.1 


CaO 


12.4 


12.1 


1 2 . 1 


11.7 


6.0 


4.85 


5.7 


0.6 


MgO 


2.5 


2.2 


3.2 


3.0 


2.3 


0.4 


0.1 


0 


Na 2 0 


4.6 


4.6 


4.4 


4.5 


5.5 


10.7 


11.7 


9.0 


K 2 0 


1.2 


1.2 


1.1 


1.1 


0.1 


1.52 


2 3 


1.4 


Ti02 


1.3 


1.3 


1.2 


1.2 


0 


3.2 


0.7 


1.8 


Zr0 2 


0 


1.2 


2.2 


4.2 


0 


15 


16 


17 


Total Leaching by wt.% 




] 8.2 


1 9.1 


7.1 


6.4 | 15.8 


4.9 


5.0. 


2.7 



It can be seen that samples 1A, IB, 1C, and ID, made according to the present 
invention, all have very comparable leach rates, and the addition of small amounts of 
zirconia only marginally improve their alkali resistance. In addition, while samples 2B, 
2C, and 2D exhibit lower leaching rates, they contain very high amounts of zirconia, and 
thus are significantly more expensive to produce because of material cost and required 
melting energy. Sample 2A, a no-ZR commercially available alkali resistant glass, shows 
poor alkali resistance in comparison with the samples prepared according to the present 
invention. 

While the included examples do not define the full limits of the inventive concepts 

presented herein, they do indicate some very interesting trends. Based upon hundreds of 

tests and extensive use of statistical analysis of the test results, it has been found that there 
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are a group of non-zirconia glasses that provide exceptional alkali resistant characteristics 
that can be manufactured economically from abundant materials. It is believed that these 
non-zirconia glasses exhibit their alkali resistant characteristics due to the interaction of 
increased levels of CaO and Fe, while having a relatively low R 2 0 (where R 2 0 consists 
essentially of K 2 0, Na 2 0, and Li 2 0). Specifically, the present inventors believe that alkali 
resistance in high pH environments can be improved with increasing CaO/R 2 0 molar ratio, 
the concentration of Fe, and in some embodiments, the addition of Zr and/or Ti into the 
glass composition. In some embodiments, the CaO/R 2 0 molar ratio is greater than 1 . In 
other preferred embodiments, it can be greater than 2 or 3, or more. For example, testing 
and analyses have determined that glasses having the desired alkali resistant properties can 
be economically manufactured according to the following composition: 

>35% Si0 2 

1-25% CaO 

l-15%Fe 2 0 3 

1-10% R 2 0, and 

an amount of AI2O3 such that Si0 2 :Al 2 0 3 > L 

Optionally, up to about 10 wt.%, or even up to about 15 wt.% Zr0 2 + Ti0 2 can be 
added to further improve the alkali resistant properties of the described glass. Ternary 
phase diagrams showing exemplary compositional ranges are presented in Figures la and 
lb which incorporate 0 wt.% and 15 wt.% Zr0 2 + Ti0 2 respectively. Inexpensive glass 
articles made from the described compositions are particularly suitable in cementitious 
applications where the cementitious products are cured under high temperature 
hydrothermal conditions (e.g., above 100° C), such as is experienced in an autoclave. As 
discussed above, by forming glasses having the described compositions and processing the 
glass articles as described, a passivity layer can be formed on the exterior surface of the 
glass articles, thus further improving their alkali resistance. 

While the foregoing description and samples produced according to embodiments 
of the invention limited the inclusion of Zr0 2 and Ti0 2 , it is believed that modest amounts 
of these elements, such as a combination of up to about 1 5 wt.%, will serve to further 
increase the alkali resistant properties of the samples, and therefore, some embodiments of 
the present invention include up to about 15 wt.%, and more preferably up to about 10 
wt.% of either Zr0 2 , Ti0 2 , or a combination thereof. 
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While the inventors have ascertained that high temperature hydrothermal treatment 
results in the formation of a passivity layer on the unique glass articles described herein, the 
inventors further believe that a passivity layer can be formed under low temperature 
hydrothermal conditions as well. The passivity layer is believed to be formed by 
5 redeposition of leached ingredients from the glass matrix, which is accelerated under high 
temperature hydrothermal conditions. However, if given sufficient time, an alkali solution 
at low temperature (e.g., below about 100° C) is believed to cause similar results. 
Specifically, tests have been run in an aqueous alkaline solution prepared with 2.343 g/L of 
LiOH, and 0.080 g/L of Ca (OH) 2 at a pH of about 13.0, at temperatures of 35° C and 95° 
10 C. The inventors have discovered that, even at 35° C, a passivity layer begins to form, and 
given sufficient time, it is believed that a substantially continuous passivity layer will form 
and cover the surface of the glass article. In fact, testing shows that if left at about 95 °C 
for a sufficient amount of time, a continuous passivity layer forms over the surface of the 
glass article. 

15 In addition, the inventors believe that a passivity layer may be formed through other 

processes, such as by preferential leaching of the glass materials from the surface of the 
article. Alternatively, reaction of metal hydroxides or dissolved inorganic compounds such 
as nitrates, chlorides, sulfates, silicates, borates, phosphates, and the like, with the glass 
constituents may also form a passivity layer on the surface of the glass. 

20 Accordingly, the general methods by which a passivity layer can be formed are 

either through leaching and redeposition, by glass material being preferentially leached 
from the surface of the article, or by chemical reaction of the soluble species of the contact 
solution with the glass. 

While the inventors have discovered that a passivity layer can be formed in situ by 

25 incorporating the glass articles into a cementitious composite, it was unexpectedly found 
that a passivity layer can be formed outside of a cementitious composite by treatment in an 
appropriate solution. Accordingly, manufactured glass articles can be post treated to form 
a passivity layer. In one preferred embodiment, the post treatment is conducted by 
subjecting the glass articles to hydrothermal treatment conditions, such as, for example in a 

30 pressurized vessel containing an alkaline solution of maintained between 100°C and 400°C 
for a predetermined length of time. The alkaline solution, containing a predetermined 
amount of Ca (OH) 2 , may be removed and recycled for treating a new batch of glass 
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articles, while the glass articles themselves may be washed, dried and packaged using 
conventional techniques for washing, drying and packaging powders. 

The inventors have also determined that a passivity layer may also be formed on the 
glass articles at temperatures lower than 100° C, eliminating the need for a pressurized 
5 vessel in the process above. The glass articles with the formed passivity layer can then be 
incorporated into other applications where durability is a concern. Alternatively, a coating 
or other type of surface layer can be added to improve the glasses compatibility with the 
material matrix. 

Accordingly, glass articles can be manufactured according to the compositions and 
10 methods described herein, subsequently treated to form a passivity layer, and then 
integrated into a desired application. 

The form of glassy articles produced by the described methods and compositions 
can take many shapes. While fibers and spheres have been primarily used as examples in 
the foregoing description, other shapes are possible and are to be considered within the 
15 scope of the present disclosure. Other shapes may include, without limitation, micro 
balloons; solid or hollow spheres; fabric; and continuous, chopped, woven, or blown fibers. 
The glassy articles may also be foamed glass. 

Of particular note, another valuable configuration of the unique glass formulations 
disclosed herein results in a glass flake. As used herein, unless otherwise noted, a flake is a 
20 material that has a breadth and a substantially uniform thickness wherein the breadth is 
substantially larger than the thickness. In many embodiments, a flake has an irregular outer 
profile in plan view. 

Flakes can be formed, for example, by forming a thin glass sheet and then dividing 
the sheet into smaller particles. One method of forming a glass sheet is by delivering a 
25 molten glass matrix through counter-rotating rollers. In one preferred embodiment, this 
produces a glass sheet and resultant flakes having a cross-sectional dimension 
corresponding to the spacing of the rollers, which in some cases, can be on the order of 
about 1-3 prn. 

Another acceptable method is by extruding the molten glass through an 
30 appropriately sized die. By either of these methods, the thickness of the glass is determined 
by the spacing of the rollers or by the geometry of the die. According to these methods of 
producing glass flakes, the thickness of the flakes can be almost infinitely varied to suit the 
final use requirements of the flakes. However, most uses for flakes typically require a 
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thickness of less than about 1 000 jam. Accordingly, flakes are produced having a thickness 
of less than about 1000 pm, and in other embodiments, thicknesses of less than about 500 
jam, 250 pm, 100 Jim, 50 pm, 20 pm, 10 pm, 5 p,m, 2 pm, and 1 jam can be produced. 

Another method for producing glass flakes is by spraying molten glass into the air. 
5 For example, molten glass can be sprayed through an appropriately shaped nozzle which 
forms the glass spray into a suitable shape and the glass is then quenched or otherwise 
cooled to conform to the desired shape. 

Glass flakes produced according to any suitable methods can be further processed to 
result in a desired dimension by any crushing technique, such as ball milling for example, 
10 or other suitable process designed to reduce glass to a smaller size. In one specific 
embodiment, flakes are produced having a breadth of between about 10 and 10,000 pm and 
having a thickness of between about 1 to 10 pm. 

According to another method of producing glass flakes, spheres are produced as 
described elsewhere herein and the resulting spheres are crushed or otherwise fractured to 
15 result in semi-spherical flakes, such as those shown in Figure 2C. Of course, the semi- 
spherical flakes will naturally have curvature in one or more directions; notwithstanding, 
the flakes can be dimensioned such that the flakes exhibit the desired functional or aesthetic 
characteristics. One approach to simulating a planar flake, such as those produced from a 
large flat sheet of glass, is to reduce the breadth of the flake to a small size relative to the 
20 starting sphere diameter. As the ratio of flake breadth to sphere diameter approaches zero, 
the flakes approach planar. 

In one preferred embodiment, a sphere having a diameter of between about 30 and 
1000 |im is fractured to produce flakes having a breadth of between about 5 and 200 pm in 
size. The thickness of the resulting flakes is dependent upon the wall thickness of the 
25 sphere, and in many embodiments, the thickness of the resulting flakes can be on the order 
of about .5 pm to about 10 )Lim. 

Several methods for manufacturing glass flakes are taught in the relevant literature, 
any of which are suitable for producing the unique materials described herein. However, 
the unique glass formulations disclosed herein result in unique flakes having highly 
30 desirable properties that have been unachievable until now. 

In addition to varying shapes, the glass produced by the described methods and 
compositions herein may also be combined with other minerals, clays, polymers, ceramics, 
metals or glass to form a composite material or glass alloy. 
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In one embodiment, an alkali resistant glass formulation is made in the form of 
fiber. In some preferred embodiments the alkali resistant glass fiber is in the form of 
continuous strands. In other embodiment, the alkali resistant glass fiber is in the form of 
chopped fiber. The glass fiber may be made by a rotary process whereby the glass 
5 formulation is melted and dropped in a "spinner" having a peripheral wall with a plurality 
of holes through which the glass is forced by centrifugal force to form fibers. In some 
preferred embodiments, additives may be added into the disclosed preferred alkali resistant 
glass formulations to reduce the softening and/or melting temperature of the glass, thus 
making it easier to form the glass particle or articles in the specified shapes or forms. 

10 In one embodiment, an alkali resistant glass article having the described 

formulations may be prepared by using one of the methods described in Applicant's 
copending U.S. Patent Application having Serial No. 10/787,894, filed February 25, 2004 
entitled "METHODS AND FORMULATIONS FOR PRODUCING LOW DENSITY 
PRODUCTS," the entirety of which is incorporated herein by reference. In addition, other 

1 5 methods and articles can be employed and produced, such as those disclosed and described 
in Applicant's copending U.S. Patent Application having Serial No. 10/648,184, filed 
August 25, 2003 and entitled "Synthetic Microspheres and Methods of Making Same," the 
entirety of which is hereby incorporated by reference. According to several preferred 
embodiments disclosed herein, the unique glass formulations are used to produce 

20 microspheres. The preferred embodiments disclosed herein are preferably produced by a 
method that produces spheres at a rate far exceeding the capabilities of a heated drop tube. 
For example, a heated drop tube can be used to produce spheres at a rate on the order of 
about one gram per hour. In contrast, many of the sphere embodiments and examples 
disclosed herein are produced in a combustion furnace at a rate that is greater than about 1 

25 kg per hour, which far exceeds the capabilities of a drop tube furnace. In fact, the inventors 
are able to use the novel glass formulations taught herein to produce alkali resistant spheres 
at a rate greater than about .5 MT/lir (metric tons per hour). In other preferred 
embodiments, the production rate is 1 MT/hr, 2 MT/hr, 3 MT/hr, or greater. 

Moreover, the disclosed glass compositions can be used to form a synthetic 

30 aggregate having multiple phases, such as a combination of amorphous and crystalline 
phases present in the glass structure. These phases can be present in the glass either due to 
incomplete raw material melting or crystallization upon cooling. The degree of 
crystallinity can either be controlled by firing conditions or by cooling conditions. 
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Moreover, other phases, such as gas, may be present in the formed glassy material. The 
result is a synthetic aggregate having a lower density than a fully homogeneous glass 
article. In one preferred embodiment, a synthetic aggregate is produced by controlling the 
firing conditions, e.g. .firing temperature and residence time within a furnace, to produce a 
partially vitrified synthetic aggregate containing crystal phase material and/or gas bubbles 
within the glass material, thus producing a heterogeneous material. Of course, the 
described heterogeneous glass may be used to form flakes, fibers, spheres, or any other 
desired configuration. 

In some preferred embodiments, the glass particles, aggregates, flakes or fibers 
made according to the disclosure above is used to improve the mechanical properties of 
composite materials, hi one preferred embodiment, the alkali resistant glass in the form of 
fibers, flakes, aggregates is used to improve the tensile strength of the composite 
cementitious or polymeric products. In another preferred embodiment, expanded, foamed 
or hollow alkali resistant glass particles can be used to impart low density to cementitious 
and polymeric composites. In other preferred embodiment, the alkali resistant glass 
particles may also have other beneficial effects, such as reducing moisture movement, 
thermal movement, improving thermal insulation value, reducing cost or improving 
workability such as rheology or handleability. 

While the foregoing description utilizes several examples, these examples are given 
to illustrate alternative embodiments of the present invention, and are not to be construed as 
defining the scope of the invention. For example, while it has been disclosed to use the 
unique glass formulations in a cementitious composite, it is within the scope of the 
invention to utilize articles made according to the unique glass formulations in polymers, 
metals, and other materials that can benefit from the properties of the glass described 
herein. 
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We claim: 

1 . An alkali resistant glass, comprising: 
a silicate based glass body; 

a passivity layer formed on an exterior surface of the silicate based glass 
5 body, wherein the passivity layer has a composition that is different than the 

composition of the glass body, said passivity layer comprises a substance that is 
native to the silicate based glass body, wherein the substance in combination with 
other substances in the passivity layer results in the passivity layer being 
substantially chemically inert in an alkaline environment. 
10 2. The alkali resistant glass of Claim 1, wherein the substance comprises 

calcium. 

3. The alkali resistant glass of Claim 1, wherein the substance comprises iron, 

4. The alkali resistant glass of Claim 1, wherein the passivity layer is enriched 
in iron oxide in comparison with the silicate based glass body. 

15 5. The alkali resistant glass of Claim 1, wherein the passivity layer is enriched 

in magnesium and/or calcium oxide in comparison with the silicate based glass body. 

6. A cernentitious article incorporating the alkali resistant glass of Claim 1 . 

7. The alkali resistant glass of Claim 1, wherein the composition of the glass 
body consists essentially of, by weight percent: 



20 Si0 2 >35% 

CaO 1-25% 

Fe 2 0 3 1-15% 

R 2 Q 1-10%, wherein R is selected from the group consisting of 



Na, K, and Li; and 
25 an amount of A1 2 0 3 such that Si0 2 :Al 2 0 3 > 1 . 



30 8. An alkali resistant glass, which consists essentially of, by weight percent: 



Si0 2 >35% 

CaO 1-25% 

Fe 2 0 3 1-15% 

R 2 0 1-10%, wherein R is selected from the group consisting of 



35 Na, K, and Li; and 
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an amount of AI2O3 such that Si02:Al 2 C>3 > 1 . 

9. The alkali resistant glass of Claim 8, wherein the amount of AI2O3 is greater 
than or equal to about 4 wt.%. 

10. The alkali resistant glass of Claim 8, wherein the combination of all the iron 
5 oxides as expressed by FeaOs is greater than or equal to about 3 wt.%. 

11. The alkali resistant glass of Claim 8, wherein the combination of CaO and 
Fe 2 03 is greater than or equal to about 10 wt.%. 

12. The alkali resistant glass of Claim 8, wherein the combination of Si0 2 and 
AI2O3 is between about 35 - 90 wt.%. 

10 13. The alkali resistant glass of Claim 8, further comprising a combination of 

Zr0 2 and TiC>2 up to about 15 wt.%. 

14. The alkali resistant glass of Claim 8, wherein the glass is formed as a fiber. 

15. The alkali resistant glass of Claim 8, wherein the glass is formed as one or 
more hollow spheres. 

15 16. The alkali resistant glass of Claim 15, wherein the hollow spheres are 

produced at a rate of greater than 1 kg per hour. 

17. The alkali resistant glass of Claim 8, wherein the glass comprises a passivity 

layer. 

18. The alkali resistant glass of Claim 17, wherein the passivity layer is enriched 
20 in iron oxide in comparison with the glass. 

19. The alkali resistant glass of Claim 17 5 wherein the passivity layer is enriched 
in magnesium and/or calcium oxide in comparison with the glass. 

20. The alkali resistant glass of Claim 8, wherein the molar ratio of CaO/R 2 0 is 
greater than unity. 

25 21 . A method of increasing the alkali resistance properties of glass, comprising: 

providing a glass article consisting essentially of, by weight percent: 
Si0 2 >35%, 
CaO 1-25%, 
Fe 2 0 3 1-15%, 

30 R 2 0 1-10%, wherein R is selected from the group 

consisting of Na, K, and Li; and 
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treating the glass articles by exposing the glass articles to a basic 
environment to form a passivity layer over the surface of the glass articles thereby 
improving the alkali resistance of the glass articles. 

22. The method of Claim 21, wherein the treating the glass step is carried out at 

a temperature above 100° C. 

23. The method of Claim 21, wherein the treating the glass step is carried out in 

an aqueous environment. 

24. The method of Claim 21, wherein the treating the glass step is carried out at 

a temperature below 100° C. 

25 . A synthetic microsphere, comprising: 

a synthetic, hollow, substantially spherical wall, the wall having an inner 
surface and an outer surface and a thickness therebetween; and 

a passivity layer on the outer surface of the spherical wall. 

26. The microsphere of Claim 25, wherein the passivity layer substantially 

covers the outer surface of the spherical wall. 

27. The microsphere of Claim 25, wherein the passivity layer has a thickness 

less than about 10% of the spherical wall thickness. 

28. The microsphere of Claim 25, wherein the passivity layer is substantially 
chemically inert in a basic environment having a pH of about 12-14. 

29. The microsphere of Claim 25, wherein the passivity layer is formed through 
crystalline redeposition of leached glass elements. 

30. The microsphere of Claim 25, wherein the passivity layer is rich in silica 
and alumina in comparison with the spherical wall. 

31. A cementitious composite article comprising: 
a cementitious material; 

a glass additive material, the glass comprising, by weight percent: 

Si0 2 >35% 

CaO 1-25% 

Fe 2 0 3 1-15% 

R 2 0 1-10%, and 

an amount of A1 2 0 3 such that Si0 2 :Al 2 0 3 > 1. 

32. The cementitious composite article of Claim 31, wherein the glass additive 

material is a fiber. 
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33. The cementitious composite article of Claim 31, wherein the glass additive 
material is a sphere. 
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Ternary Diagram for AR 
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FIGURE 1A 
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Ternary Diagram for AR 

Glass formulations with 1 .0 
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FIGURE 2 A 
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FIGURE 2B 
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FIGURE 2C 



